Several phage hosts of group A streptococci became resistant to lysis by bacteriophage as a consequence of having acquired the ability to grow in the presence of chloramphenicol. The phage was adsorbed to the streptococcal cell, and P32-labeling of the phage showed that the phage genome penetrated the chloramphenicol (CM)-resistant cells as it did the parent cells. Bacteriophlage anid phaige assays. All phage assays, and characteristics of phages used, have been previously described (6).
Several phage hosts of group A streptococci became resistant to lysis by bacteriophage as a consequence of having acquired the ability to grow in the presence of chloramphenicol. The phage was adsorbed to the streptococcal cell, and P32-labeling of the phage showed that the phage genome penetrated the chloramphenicol (CM)-resistant cells as it did the parent cells. However, artificial lysis of the infected CMresistant cells with chlotroform or enzymes revealed no intracellular mature phage particles. Lysates of infected CM-resistant cells contained no phage-related antigenic materials which possessed serum-blocking power, although they were readily detected in lysates of infected parent cells. The CM-resistant cells were not lysogenized by the phage. Only cells resistant to more than 10lAg/ml of chloramphenicol were resistant to phage, and this threshold effect was taken as an indication of at least two different loci of chloramphenicol resistance on the streptococcal genome. Strains resistant to high levels of other antibiotics, such as streptomycin and erythromycin, showed no resistance to lysis by phage. Evidence indicated that the mutant cells were deficient in an essential function associated with the phage genome.
During the course of studies on the characteristics of group A streptococcal bacteriophages (6) , it was noted that a chloramphenicol (CM)-resistant mutant streptococcus was not lysed by virulent phage, in direct contrast to the parent streptococcus. No similar results relating resistance to chloramphenicol and lysis by phage have been found in the literature, although resistance to several purine and pyrimidine analogues has been reported to alter phage sensitivity of strains of group D streptococci (2) .
It was considered of interest to investigate the nature of the resistance to phage lysis by the CMresistant mutant. This report describes certain properties of the host-phage system. A preliminary account of a portion of the work has been reported (P. L. Friend (22) . Other strains, resistant to from 2 to 5 ,ug of CM per ml, were isolated from blood-agar plates containing CM which had been spread with about 108 colony-forming units. Other strains were isolated by ultraviolet (UV) irradiation of 15 17 hr, sedimented, and resuspended in fresh broth to an optical density of 0.37 at 550 m,u. A 30-ml amount of each suspension was mixed with 10 ml of P32-labeled phage (8.3 X 109 PFU/ml) and incubated for 30 min at 37 C. The infected cultures were chilled in an ice bath and centrifuged, and the supernatant fluids were discarded. The pellet of each was resuspended in 40 ml of fresh P-broth and chilled, and a 10-ml sample was removed to an ice bath. The remainder was poured into a Waring Blendor cup (semimicro size) and was blended for 4 min at 10,000 rev/min. The cup was cooled after each 1 min of running. Another 10-ml sample was removed to an ice bath.
The samples were centrifuged and the pellets were washed twice with 10 ml of CMG, all supernatant fluids being saved. The final pellet was resuspended in CMG. Samples of supernatant fluids and pellets were dried on aluminum planchets under an infrared lamp, and were counted in a Nuclear-Chicago model D47 gas-flow counter (Nuclear-Chicago Corp., Des Plaines, Ill.).
Premature lysis of iuifected cells. S43 and S43CM39 were infected at a multiplicity of infection (MOI) of about 0.1 (6) . After adsorption and neutralization of free phage with antiserum (6), the mixture was diluted 3 X 10-4 for the first growth tube (FGT) and 1.5 X 10-6 for the second growth tube (SGT). Samples (2 ml) were removed from FGT and SGT at 5-min intervals, and were mixed with 0.5 ml of chloroform. After separation of the aqueous and chloroform layers, the aqueous layer was plated for plaques. Samples (0.1 ml) of FGT (6) . The K values (1) of the antiserum were 230 and 150 for A6 and A25, respectively. In addition, phage A6 formed plaques with a very low efficiency of 5 X 10-6 on host strain T25, whereas phage A25 plated with an efficiency of 1.0. These two phages fulfilled the requirements for standard and test phage outlined by DeMars (4) in that they were able to react as immunologically similar, but had different host ranges.
Twofold dilutions of phage A6 were prepared so that 0.9 ml of the dilutions contained 1.28 X 1010 to 108 PFU. The antiphage antiserum was diluted 1:4,500, which was sufficient to give 5c% survivors of the test phage A25. All dilutions were prepared in chloroform-saturated broth to retard bacterial growth. Chloroform had no effect on phages A6 and A25. A 0.9-ml amount of the standard phage dilutions plus 0.9 ml of the antiserum were mixed and incubated for 18 hr at 37 C. A 0.2-ml amount of phage A25 (107 PFU/ml) was then added to each mixture and incubated for 3 hr. The mixtures were then diluted 10-2 in P-broth and were plated on strain T25 for plaques. Controls consisted of 1.8 ml of chloroform broth, and 0.9 ml of antiserum plus 0.9 ml of broth, incubated for 18 hr before receiving 0.2 ml of test phage, and were included to determine the survival of phage A25 in the absence of antiserum and absence of phage A6. Determination of SBP of chloroform extracts of infected S43 and S43-CM39 was performed by mixing 0.9 ml of the extracts with 0.9 ml of the antiserum and proceeding as outlined.
Preparationz of group C phage lysiun atd lysis of phage-inifected grouip A streptococci. Group C streptococcal phage lysin released upon phage lysis of group C streptococci by homologous phage has been shown to lyse group A streptococci rapidly (11) . The lysin was prepared by inoculating 0.5 ml of an 18-hr culture of strain 26RP66 (a group C streptococcus) into 10 ml of broth, incubating for 90 min, and then adding 0.5 ml of a group C streptococcal phage suspension. After 60 min of incubation, the lysed culture was centrifuged at low speed, and the supernatant fluid, which contained the lysin, was iced until used, usually within 30 min.
To prepare group A cells for lysis, the cells were infected with phage, as for a one-step growth curve, and 2-ml samples were removed to an ice bath at appropriate intervals. These samples then received 1 ml of phage lysin and were incubated at 37 C for 30 min, at which time the optical densities of the cultures had decreased 90 to 95% of their zero-time value. These lysates were centifuged and then tested for viable A6 phage particles by plating on strain S43.
The preparation of the walls from whole cells and the chemical-enzymatic methods for sugars and amino sugars have been reported (17, 18) .
RESULTS
In Fig. 1 and 2 are presented growth curves of strains S43 and S43CM39 in the presence and absence of phage A6. About 5 X 108 PFU of A6 per ml was added to the cultures at 3 hr. The infected culture of S43 failed to grow at the rate of the uninfected culture ( Fig. 1 ) and, at 6 hr, was completely lysed. However, infected S43CM39 showed no evidence of mass lysis (Fig. 2) the rates of adsorption of the two cultures. These curves represent free unadsorbed phage, which were determined by centrifuging samples of the adsorption mixture, and assaying the supernatant fluids of these samples for phage. However, when samples of an S43CM39 adsorption mixture were analyzed for total phage and free phage, it was shown that total and free phage decreased at the same rate, indicating that the phage were being adsorbed, but were not forming infectious centers after adsorption.
Under the conditions of a one-step growth experiment, no infectious centers were found with S43CM39, nor was any increase in titer noted during a 3-hr incubation period. In contrast, S43 went through a typical one-step growth curve (6) under similar conditions.
Since it was now apparent that strain S43CM39 was adsorbing the phage, but producing no free mature phage as a consequence, it was necessary to determine whether the phage genome was able to penetrate the CM-resistant cells. The results of Waring Blendor treatment of S43 and S43CM39 after infection are shown in Table 1 . With S43, 27 % of the total p32 was found in the supernatant fluid of the infected cells before blender treatment, and 39% was found after blender treatment, a release of about 12%. Similarly, S43CM39 had 28.5 and 42% before and after treatment, respectively, an increase of 13.5%. From these data, it seemed probable that the genome penetrated into both strains.
To determine whether or not any mature phage particles were contained within S43CM39 after infection, premature lysis of the infected culture was attempted. Figure 4 shows a premature lysis curve and a one-step growth curve of phage A6 on S43. The one-step curve was typical (6), and the sampling was stopped before the second rise began. The premature-lysis curve shows that the eclipse period was about 30 min, whereas the latent period of the one-step growth curve was 50 min. Thus, intracellular phage appeared to increase with kinetics very different from that shown for extracellular phage. In contrast, similar premature-lysis experiments with infected S43CM39 have given no indication of any mature phage particles contained intracellularly as long as 3 hr after infection. Lysis of the infected culture with group C phage lysin confirmed these results.
To rule out the possibility that phage A6 was lysogenizing S43CM39, rather than going through the usual lytic response as with S43, S43CM39 was subcultured for 7 days in broth containing phage A6, and then transferred to broth with no phage for seven daily subcultures. Ultraviolet irradiation of the resultant culture under conditions known to induce phage production in lysogenic group A streptococci (23), or treatment of the culture with chloroform (10), failed to give any evidence of lysogenization of S43CM39.
Since it appeared that the block of phage development in the CM-resistant strain was intracellular, after genome penetration and before phage maturation, it was felt that the next step in the cycle of reproduction which should be assayed was that of synthesis of phage- Fig. 5 and Table 2 . The degree of survival of the test phage A25 was directly related to The amount of blocking phage A6 present (Fig. 5) . Since the antiserum control showed approximately 5% survivors, any values below this on the standard curve should not be considered. Therefore, the limits of the test are taken to be from about 4 x 108 to 1010 phage equivalents. The data in Table 2 show that, at 5 min after infection, no significant amount of phage antigen was detected in extracts of either infected strain. After 90 min, strain S43, which had undergone one cycle of growth, showed about 109 phage equivalents in the chloroform extracts, whereas S43CM39 still showed no detectable phage antigen present. Extracts of uninfected S43 and S43CM39 showed no evidence of any phage-related materials. An extract of uninfected S43CM39 to which 6.4 x 109 PFU of phage A6 was added after extraction with chloroform showed about 6 x 109 phage equivalents in the SBP test, indicating that S43CM39 extracts contained no materials which inhibited the SBP test. It was likely, therefore, that S43CM39 was unable to produce detectable amounts of phage antigens after adsorption of phage A6.
DISCUSSION
The results outlined here suggest that the CMresistant strains of group A streptococci adsorb the phage to which they have become resistant, that the phage genome is injected into the cells, that no mature phage particles are produced by the infected cells, and that no synthesis of phage antigen occurs. No evidence was obtained to indicate that the cells were lysogenized by the phage.
It is significant that no phage antigens, or phage-related materials, can be detected in S43CM39 after infection. This serves to indicate that the lesion occurs in the infected CM-resistant cell at some time between penetration of the genome and synthesis of phage protein coat material, one of the so-called early functions. It is now necessary to trace the fate of the incoming phage genome, to determine whether it is replicated, or destroyed, or is unable to function in the synthesis of early enzymes and, hopefully, to associate this fate with some specific alteration of the bacterial cell resulting from acquisition of CM resistance.
Although no report has been made of the acquisition of phage resistance by a bacterial strain after mutation to CM resistance, resistance to the pyrimidine analogue, fluorouracil, has been reported to affect phage sensitivity in a group D streptococcus, whereas resistance to 8-azaguanine resulted in sensitivity to phage in another strain (2) . Group A streptococci resistant to other antibiotics, such as streptomycin, erythromycin, neomycin, and vancomycin, have been found to retain their sensitivity to phage, at the resistance levels tested.
The acquisition of CM resistance in bacteria may result in various physiological changes. At the molecular level, Escherichia coli CM-resistant cells possess 80S instead of the normal 70S ribosomes (12) , possibly suggesting an altered protein-synthesizing mechanism within the CM-on October 24, 2017 by guest http://jvi.asm.org/ Downloaded from resistant cells. Watanabe (21) has outlined considerable evidence which suggests that CMresistant E. coli cells possess a permeability barrier which excludes CM from the resistant cell, but Ramsey (13) has presented evidence that CM-resistant Staphylococcus aureus cells have, in addition to a permeability barrier, an alteration in protein synthesis which permits induced enzyme formation in disrupted cell preparations in the presence of CM. The basic effect of CM on bacteria is believed to be that of inhibition of protein synthesis, but the exact mechanism of this effect is not yet understood. The growth of large peptides on ribosomes from a CM-sensitive strain in the presence of CM is inhibited, whereas the synthesis of di-and tripeptides is not inhibited, leading to the suggestion that CM interferes with peptide bond-forming enzymes (9) . This is in contrast to the suggestion that CM inhibits attachment of messenger ribonucleic acid (mRNA) to the ribosome (8) .
Antigenic conversions in Salmonella result in loss of ability to adsorb phage (20) . In CMresistant streptococcal cells, however, group and type cell wall antigens were able to react with antibody specific for wild-type cells, and the rhamnose and glucosamine content of the cell wall of the CM-resistant cell was similar to that of the wild-type cell. In agreement with these findings, it can be seen in Fig. 3 that no difference in adsorption kinetics was found between wild-type and CM-resistant cells.
The adsorption kinetics of phage A6 to S43CM39 (Fig. 3) showed that, in addition to the number of free phage, the total number of phage also decreased with time. Theoretically, the total number of phage should remain constant, the free phage titer should decrease, and the number of adsorbed phage (those sedimented with the cells, representing infectious centers) should increase with time. It was clear that S43CM39 was adsorbing the phage, but this did not result in the production of any infectious centers. This was confirmed by the one-step growth experiment, which showed no infectious centers present, and no increase in phage titer.
To determine whether the phage genome penetrated the CM-resistant cells, P3-labeled phage A6 was prepared, and S43CM39 was infected with it. Preliminary experiments showed that infectious centers of S43 were able to withstand up to 8 min in a Waring Blendor with no loss of viability. It had also been shown (3, 7) that 3 min in a blender was sufficient to remove attached phage from infected cells. Thus, 4 min in a blender for S43CM39 and S43 cells infected with PI-labeled phage was felt to be sufficient to remove significant numbers of phage. The amount of P32 released from the infected cells, i.e., 12 to 14% is in good agreement with values obtained on T2 phage of E. coli (7) .
As shown in Table 1 , the percentages of P3 removed from S43 and S43CM39 are similar. Since S43 is known to be successfully infected with phage A6, the identical behavior of this strain and S43CM39 under similar conditions serves to indicate that the CM-resistant strain receives the phage genome in a manner resembling S43.
Several lines of evidence have been presented to show that S43CM39 does not lyse and release mature phage particles after infection with phage A6. Since it was known that the phage genome penetrates S43CM39, it was possible that the phage were multiplying within the cells, but were unable to be released. Shockman (16) found in electron micrographs that group D CM-resistant streptococci had thicker cell walls than the sensitive parent strains. If the group A CMresistant strains behaved similarly, it was possible that the thicker cell walls were preventing lysis and release of intracellular phage. Digestion of infected S43CM39 with group C streptococcal phage lysin (11), or treatment with chloroform, failed to bring about the release of plaque-forming particles. Hence, it appears that the block of phage production in S43CM39 is at the molecular level.
The effectiveness of chloroform in inducing premature lysis of infected group A streptococci is illustrated in Fig. 4 . It appears that phage maturation is either a very slow or a very inefficient process in group A streptococci, since the burst size, about 35 (Fig. 4) , indicates that on the average less than 2 PFU are formed per min. Also, the intracellular phage content does not reach the plateau value of extracellular phage obtained with the one-step curve, as occurs with T4 phage (5). It was felt that this might be the result of the two-step growth curve previously described for group A streptococcal bacteriophages (6), with those phage particles released early in the rise period being readsorbed and entering a second eclipse period. Those readsorbed would be lost as far as being plaque-formers, only to reappear later as new intracellular phage. Extending the sampling period beyond that shown in Fig. 4 has resulted in a second rise occurring in the intracellular phage titer, although the rise is not as dramatic as the first. The amount of phage released by premature lysis more nearly approaches that released spontaneously (not shown).
The apparent threshold effect of CM resistance, with respect to phage sensitivity, is also of interest.
The low-level mutants (below 10 Ag/ml) are as VOL. 1) 1967 sensitive to the phage as are their parent strains, whereas the high-level mutants (over 10,g/ml), regardless of their mode of selection, are completely resistant to phage. This may suggest that there are two different loci of CM resistance on the streptococcal genome, one conferring lowlevel resistance, another conferring high-level resistance and altering the response of the cell to the phage. This possibility is strengthened by the finding of two independent loci of CM resistance in E. coli K-12 (15) , and possibly in group D streptococci (14) .
It should be pointed out that all of the observations reported here on group A streptococcal phages were made in the absence of CM. Plating of phage A6 for plaques on S43CM39 on CMcontaining medium does not give rise to any plaques, although a satisfactory lawn is present. No growth of S43 appears on CM medium.
Recently, it has been observed that plating phage A6 or A25 in large excess on S43CM39 results in the formation of an occasional plaque (one per 2 x 104 PFU). It is anticipated that these plaques will give rise to phage strains with an extended host range, and will serve as a tool for further studies on the mechanism of phage resistance in CM-resistant group A streptococci.
